In this paper, the influence of fan-shaped buffer zone on the performance of the toll plaza is researched. A two-dimensional traffic flow model and a comprehensive evaluation model based on mechanical model and psychological field are established. The traffic flow model is simulated by creating coordinate system.
Introduction
With the rapid expansion of road transportation, more toll highways come into people's daily life [1] . There are mainly two kinds of toll stations known as ramp tolls and barrier tolls [2] . The barrier tolls are widely used and studied now. There are series of problems caused by this kind of toll points, such as high cost and long rehicular queue [3] . A study shows that 36% of traffic congestion on toll ways are caused by stopping to pay tolls [4] . In this study, we shall address:
Literature Review
The existing studies on traffic problems can be divided into macroscopic and microscopic studies [5] .
The macro-traffic model treats traffic as a fluid flow. In 1955, the British scholar Lighthill [6] and Whitham [7] established a one-dimensional continuity equation of traffic flow. The macro-traffic model not only describes the distribution of traffic flow along the road space, but also reflects the law of time-varying traffic flow. It can accurately describe the real behavior of traffic flow, which has been widely used in actual traffic control. Microscope models are discrete models of traffic flow which study the behavior of individual vehicles and drivers and use the distance between vehicles and the speed of vehicles to describe the traffic flow. For example, car-following model and Cellular Automaton model. When the traffic is heavy and the inter-vehicle spacing is very small, the speed of each car is affected by the speed of the car ahead. The driver can only control the speed of his car at the speed of the front car, which is called "steadily car-following". Steadily car-following theory which is an important theoretical base for microscopic traffic flow simulation [8] . Since the 1950s, based on the understanding of driver's behavior from different perspectives, researchers derived a series of steadily car-following models such as Stimulus-Response Model, Safety Distance Model, Psycho-Physical Model and Artificial Intelligence based Model [9] . In the early 1990s, researchers began to use cellular automaton as a model of traffic flow in microscopic studies. The steadily car-following model and the cellular automaton model use the numerical simulation method to simulate the motion behavior of the vehicle from microscopic view. After study, we find shunting of vehicles in the input system was much less important on the problem than the confluence of the vehicles in the output system [10] .
General Assumptions
(1) The same kind of vehicle behavior is consistent. (2) We use average service time of vehicles in the same toll station.
Pull in System of Toll Booth
The vehicles drive from one end of the highway into the toll station. Assuming that, in the unit time, the number of cars be ready to drive from the end of the highway to the toll station obeys Poisson distribution with parameter λ, where λ represents the expected arrived number of cars arrived in one unit. The probabilities of i times arrived in one unit time is P(X = i) = e −λ λ i i!
Before choosing a toll gate, each driver need to go through these steps:(see figure 1) For each vehicle, his choice process of toll gate can be divided into the following three steps:
Step 1: Determine the current number of queuing cars from the toll station E 1 to E n , then change and choose the shortest queue. The number of cars is H Ei .
Step 2: If there are more than two waiting line are the same length, the straight distance between the vehicle and the toll station will determine the choice. The straight distance is d Ei .
Step 3: If two toll stations have the same d Ei , the driver shall choose the right toll station.
According to Edie's [11] , for each vehicle arrived at the toll station, the average service time t 1 is equal to 12 seconds. The average ETC service time is 2 seconds which is proved by Orlando-orange National Expressway web site. And Houston's report [12] shows that, the average service time of self-service toll station is 7 seconds. When a vehicle drives out of the toll booth, we analysis the condition after toll. When using discrete time traffic flow model, we further assume each parking space as a grid. Then we can use the matrix(δ ij ) m×L to represent the occupancy of parking spaces behind all the toll stations,
Then we will get a matrix of m columns, the i-line of the matrix represents the occupancy of parking spaces in the rear of toll booth(starting position of fan-shaped buffer)in the i-time.
Basic Traffic Models Based on Psychological Field
From the driver's psychologywe analyze the relationship of car and car, car and highway boundaries, as well as car and fan-shaped buffer boundary. We first consider the driver's own situation, the driver's planning route will attract drivers, guiding the driver road. For example, drivers who want to exit the current road as soon as possible will be attracted by the road exit. We can assume that the vehicle is subject to traction from the direction of the exit. Similarly, in the vehicle and the front of the vehicle or obstacle, there exists an force due to the driver's psychological effect. An obstacle may pose a threat to the driver's safety. The threat generated by the obstacle is abstracted as creating a repulsive force field around it, which makes repulsive interaction to the driver's vehicle. Therefore, based on the psychological field, we analyze the one-dimensional traffic flow model. Namely, we establish safety distance, vehicle speed model and collision avoidance model based on the driver's psychological effect.
We calculate the safety distance based on the psycho-field car following model. The concept of car-following was first proposed by Reuschel [13] and pipes [14] in the 1950s. Kometani and Sasaki [15] put forward the concept of safety distance car-following model: the vehicle needs to keep a certain distance, that is, the distance from the head of front vehicle to the trail of the rear vehicle, to avoid collision. In this paper, we use the safety distance under the NETSIM model [16] : the vehicle has enough time to react and slow down or even stop in order to avoid collisions. The safety gap model is also known as the collision avoidance model. When the car-following speed is higher than the preceding vehicle, the distance between the two vehicles is reduced until reaching the driver's deceleration of critical threshold (safety distance). Based on the psychological point of view, in this time, because of the psychological role of the driver, the front car will make an acting force to rear cars, the following cars began to slow down in an attempt to keep pace with the speed of front cars. But the driver can not guarantee the accuracy of the operation, that is, the distance of the two car heads will be reduced to a certain extent, then the interval will increase until the driver reaches the acceleration threshold. At this point the driver will accelerate again and repeat the process. So the safety distance is also a driver's psychological safety distance. Psychological safety distance can be divided into two categories, the safety distance between vehicles (dynamic safety distance) and the safety distance between vehicles and obstacles (obstructions are static). The two parts in the figure2 are states of different time in the same road. We see two vehicles as C 1 and C 2 , C 1 for the preceding car. When C 2 is on the left side of the dashed line L, the psychology of the driver in C 2 is influenced by C 1 which is zero. When C 2 travels to the right of L, the driver's psychology in C 2 is affected by C 1 . It is assumed that the distance from L to C 1 is a safe distance. When distance from C 1 to C 2 is greater than the safe distance, C 2 driver's psychology will not be affected by the force from C 1 . When distance from C 1 to C 2 is less than the safe distance, C 2 driver's psychology will be affected by the force from C 1 . It can be considered that there is a region around C 1 , the vehicle driver will be affected by the force from C 1 if it in the region. This region can be compared to a force field.
First, we calculate the dynamic safety distance between vehicles. Note the two vehicles as C 1 and C 2 , C 1 for the first car, assuming the speed of C 1 and C 2 , respectively, are the current vehicle speed v 1 and v 2 . When encountering the emergency situation, C 1 will decelerate with acceleration a 1 , then C 1 will stop in the v 1 /a 1 time, at this time C 1 covering distance S 1 = v 2 1 /2a 1 . Assuming that the reaction time of vehicle C 2 is t, the average reaction time t = 0.73, which is studied by Tao [17] . That is, after t time to start braking and deceleration with the maximum acceleration a 1 , it will stop in t + v 2 /a 1 time. The travel distance is S 2 = v 2 · t + v 2 2 /2a 1 . The distance between the two cars is reduced by S 2 − S 1 , plus the vehicle length L. This distance is the minimum distance between vehicles to prevent collision, which can be defined as the safety distance G.
Then, we calculate the safety distance between the vehicle and the obstacle (the obstacle is static). At this time the car can decelerate with acceleration a 2 , and the reaction time of the vehicle is expected reaction time, denoted by T, T is expected to be 0.54s [17] . We can also see this as the velocity of the preceding vehicle is 0, namely v 1 = 0. Obstacle is the vehicle that is static. So the safety distance G' is given as:
We establish a vehicle acceleration model, the vehicle will adjust their driving mode based on the preceding cars' situation or obstacles . The vehicle will choose to continue to maintain the current speed, accelerate or decelerate.
According to road traffic knowledge, we know that the maximum speed of vehicles in the toll booth fan-shaped buffer zoneis v max [18] . When the vehicle is traveling at maximum speed and there is no vehicle or obstacle within a safety distance, the vehicle is running at the current speed.
If the distance between the following vehicle and the preceding vehicle or obstacle is greater than the safety distance, that is, the preceding vehicle or obstacle does not have a psychological effect on the vehicle driver. And if the vehicle does not reach the maximum velocity v max , it will accelerate with acceleration a 3 to achieve maximum speed or make the distance less than the safety distance from the preceding vehicle or obstacle.
When the distance of the following vehicle from the preceding vehicle or obstacle is less than the safety distance, the following vehicle C 2 has the risk of collision with the preceding vehicle. Under the role of psychological field, the preceding car will give the following car a reverse force. That is, the following car needs to slow down so that it will keep the distance from the preceding car greater than the safety distance. The acceleration required for the following vehicle C 2 is denoted by a 4 . Assume that the speed and position of the preceding vehicle C 1 at the present time are v 1 and x 1 , respectively. The speed and position of the following vehicle are v 2 and x 2 , respectively. After ∆t , new location and speed of C 1 and C 2 are respectively v 1 x 1 and v 2 x 2 . At the same time, we can get a new psychological safety distance
. And the distance difference between C 1 and C 2 after ∆t is x 1 − x 2 ≥ G . Therefore, we can draw the conclusion that the minimum acceleration of the following car C 2 in the psychological field car-following model is:
When there is an obstacle in front, let v 2 = 0, L = 0, the reaction time is T, the acceleration is a 2 . Hence, we have
2 ). (6) 5 The Car-following Model of Two-dimension Based on Psychological Field
The Equipotential Line of Psychological Field
In the plane region, the psychological field is a mathematical abstraction of psychological pressure which drivers generate in the process of driving with being affected by the surrounding environment. This psychological pressure is related to the distance between the driver and the surrounding objects. From the above discussion we know that in a one-dimensional line, the field strength size is inversely proportional to the length. On the two-dimensional plane, however, the preceding vehicle has an offset distance from the car-following. Offset distance is greater, the the force of front vehicle on the car is less. It can be said that the influence of the leading vehicle on the car-following car is related to the distance between the vehicle and the vehicle in the car-following direction. As the speed is fast, drivers will weaken their concern on both sides. So the area that will affect the driver tends to be flat (half elliptical area). So we can introduce the concept of equipotential line(see figure3). The shape of the equipotential line is half elliptical, and all obstructions on this line have the same effect on the car. In other words, it is based on the same force under the psychological field. Further, we can project the forces between the vehicles on the major axis of the ellipse according to the equipotential lines. That is to project the preceding car to the car-following speed direction(see figure3). For example, project the car B to the car C. Because it is the projection along the equipotential line, so keep the same force on the car-following force , namely F 1 = F 2 . Based on this, we can project all the vehicles having an impact on the follow-car vehicles to the speed of car-following direction (ray AC). Line AC is the semi-major axis of the ellipse, denoted by a, remember the corresponding semi-short axis is b. The angle between AB and AC is θ,
The distance between AB is denoted by ρ. Hence, we have
Further, let α = b a be the shape parameter of the equipotential line. α is related to the speed of the vehicle. The faster the vehicle travels, the flatter the shape of the equipotential line is, that is, the smaller the α is. The slower the vehicle travels, the smoother the shape of the equipotential line is, the greater the α is. When we give a certain car-following speed, α is a fixed value. We can compute the projection position of the vehicle, namely, the semi-major axis a of the elliptical projection is a.
(u A , v A ) is the speed of car A, and the coordinate of vehicle A and B are (x A , y A ) and (x B , y B ), so we can get the distance L s from car B to AC, that is, the offset distance.
Furtherwe can obtain sinθ = L s /ρ. In the psychological field, we carry on the force analysis to the vehicle. The driver would like to exit the fan-shaped buffer area as soon as possible, so car itself has a traction force F(see figure4). F is decomposed into F x and F y by orthogonal decomposition. Car is subjected to a repulsive force F' from the edge of the road(see figure5), and F' is decomposed into F x and F y by orthogonal decomposition. Car is also subject to a repulsion from the front of the vehicle(see figure6), the same orthogonally decomposed to be F x and F y . The six forces in the x and y directions of the car are vector-added to obtain the component forces f x and f y of the resultant force of the three forces in the x and y directions. Based on the psychological field model, a safety zone can be defined. We can use the equipotential lines to define the safety zone. Suppose that the obstacle on the equipotential line has zero effect on the car-following, and the effect of the obstacle outside the equipotential line is zero. So drivers only need to consider the safety zone of the obstacles. The projection of the safety zone in the velocity direction is the safety distance. In order to avoid the collision, the following car needs to make appropriate braking when an obstacle enters into the safe area. This means that the car will be affected by the opposite direction of force.
Traffic Rules
We develop the rules of the vehicle in the psychological field. Under the influence of the psychological field, car-following vehicles are subject to the forces of the preceding vehicle and the road boundary. This is a repulsive or attractive force. Road Let us first consider the changes in the speed of the vehicle in the psychological field. Suppose that the current speed of car-following is (u n (t), v n (t)), where u n (t) is the horizontal velocity and v n (t) is the vertical velocity. And the current acceleration a n (t) = (a nx (t), a ny (t)). (x n (t), y n (t)) is the current coordinate of car-following, where, x n (t) is the abscissa and y n (t) is the ordinate. The current speed of the preceding vehicle is (u n−1 (t), v n−1 (t)). The current coordinate of preceding vehicle is (x n−1 (t), y n−1 (t)), and y n−1 (t) is the ordinate , x n−1 (t) is the abscissa. The leading vehicle produces a force on the car-following vehicle and further produces acceleration. That is car-car acceleration in t + T time, recorded as a n (t + T). Because the greater the speed difference is, the more the impact of leading vehicles will act on the car-following. The greater the force is, that is, the greater the acceleration will be. It can be summarized that the current vehicle speed is much greater than the rear, the car will speed up, and the acceleration increases. When the preceding vehicle speed is far less than car-following, the car-following will slow down and the deceleration will increase. On the other hand, the greater the distance between the leading vehicle and the following car is, the smaller the force of the leading vehicle on the car-following car is,that is, the smaller the acceleration will be. When the car-following speed in-creases in the t + T time, the process of acceleration will become faster, that is, the acceleration will be greater. Thus, we have
where λ, m and l are constants, ∆v(t) is the velocity difference between the nth vehicle and the (n − 1)th vehicle at time t. ∆x l (t) is the distance between the n-th car and the (n − 1)th car at time t. v n (t + T) is the speed at which t + T is following the car. We present (10) with the current velocity and acceleration of a car-following vehicle, and further introduce the psychological and equipotential lines. We have
where L s is the offset distance, and α is the ellipse shape parameter.
In this way, we extend the one-dimensional car-following model to a two-dimensional car-following model. And we consider the effect of the leading vehicle on the carfollowing force, that is, the influence of acceleration. We can use the projection method on an ellipse (based on equipotential lines) to analyze the magnitude of the forces acting on the car-following model. By (8) , at this point the size of all the leading vehicles have been projected to the car in the forward direction(see figure3), that is, the new offset distanceL s = 0. Thus(11) simplifies to
Therefore, we obtain the effect of all leading vehicles on car-following acceleration in car-following model. In real life, the speed of the driver depends on a closet leading vehicle, that is, the most powerful leading vehicle. In other words, after the projection, it is the car nearest to car-following in the oval . So, we get ∆x
2 }and the corresponding speed difference, where (x n−i , y n−i ), i = 1, 2, · · ·, n − 1 is the leading vehicle coordinate after ellipse projection.
Then, we can get car-following speed in t + T time:
u n−1 (t + T) = u n−1 (t) + a n−1x (t + T) v n−1 (t + T) = v n−1 (t) + a n−1y (t + T).
car-following coordinates in t + T time:
x n−1 (t + T) = x n−1 (t) + u n−1 (t)T y n−1 (t + T) = y n−1 (t) + v n−1 (t)T.
The Choice of Vehicle Direction
When the vehicle drive out of the toll, into the fan-shaped buffer area, it is about to converge with other vehicles and drive into the trunk highway(see figure 7) . Vehicles need to decide which lane to import, that is, to choose their own direction. First, we define the observed region. C i is the i-th lane of the expressway, where i = 1, ·, ·, ·, L. The observation area is a section of the lane C i . At this point the driver will determine the number of queued vehicles in the area. The number of queuing vehicles in the observation area of lane C i is H Ci . For example, there are H C2 = 3 queuing vehicles in the C 2 observation area. These vehicles are about to enter the C i lane. The right side of the two blue dashed lines is the observation area, denoted by D. We then define the straight-line distance of the current vehicle to the intersection of freeway lane C i as d Ci (see figure7). Drivers will choose which highway lane to enter. The choice of car will be affected by H Ci and d Ci .The higher the H Ci is, the higher the number of waiting vehicles in the C i lane in the observation area is, the lower the probability that the vehicle will choose. The higher the distance d Ci is, the higher the distance from the vehicle to the C i lane will be, the lower the probability that the vehicle will select the lane will be. The probability of vehicle choosing lane is affected by H Ci and d Ci . We determine the weights of probability of k 1 and k 2 that H Ci and d Ci affect the vehicle-selected lane through the data. Let P i be the probability of choosing the i-th lane for the vehicle, namely
And the vehicle can select the lane with the highest probability as its forward direction.
6 Numerical Simulation
Coordinate system
General Definitions The width of a toll: d t .
The width of a laned l . The toll booth number of the exit vehicle at the next time: n. To construct a two-dimensional coordinate axis oriented in X and Y directions. The X-axis in the first quadrant represents all the exits of the tollbooth. As shown in the figure8, what above points A and B are the confluence of the road. The coordinates of point A and point B are (X 1 , h) and (X 2 , h), respectively. The total width of the road after merging is L · d l . In the next time, the car coordinates N(X n , 0) which drives out. From the figure we know abscissa expression of pointsrequired by the simulation is: 
Vehicle Arrives System
In order to analyze the characteristics of traffic flow, it is necessary to simulate the behavior of the arrival of multiple vehicles, and on this basis, we need to make statistics on the average delay time of multiple vehicles through the toll station.
When the arrival of the vehicle satisfies the condition of non-effectiveness, smoothness and universality, the arrival of the vehicle obeys Poisson distribution. In general, the probability of arrival of n vehicles in the period [t 0 , t 0 + t] satisfies the previously mentioned Poisson distribution formula.
Simulation of Vehicle Movement Rules
We believe that the two factors affecting the movement of vehicles are the vehicle speed and vehicle direction. Therefore, the moving rule of the vehicle is divided into a rule for determining the rate (Rule 1) and a rule for determining the traveling direction (Rule 2).
Rule 1: As the vehicle is in the psychological field, it will be subject to a number of vehicles around the force. However, considering the real life, the driver's driving speed is more affected by the impact of the nearest vehicle. Therefore, in this simulation, when we update the speed of each vehicle, we only consider the speed of the vehicle closest to its straight line. By (12) and (13), the magnitude of the velocity at the next moment of the vehicle can be determined from the forces of pace car and the quadruple that describe the vehicle state. The specific changes in speed and the method of calculation have been given above.
Rule 2: At the time of vehicle path calculation, the current running direction of the vehicle is very important. Therefore, it is necessary to consider the influence of all the vehicles in the field during the determination of the forward direction of the vehicle. In determining the process, the impact of each vehicle needs to be superimposed. We find a more simple way is to use the equipotential surface knowledge, project the field of all vehicles impact in one direction. The direction of motion of the vehicle at a later time can then be determined by simple scalar computation and orthogonal decomposition.
The simulation results show the vehicle movement( see figure9 and 10). From figures we can know that, when car exits the toll, it will go toward the highway. Meanwhile, it is under the effect of other cars and the boundary of line. Most of cars go toward highway, but there are still some cars deviate from the highway because they are effected by obstacle. 
Throughput Analysis
In evaluating the toll plaza's throughput, the toll plaza can be divided into several sections in the figure below(see figure11) . The black line E in the figure represents all the tollbooths. The blue dashed line represents the border of the toll plaza exit. When the vehicle exceeds the line segment A, the vehicle enters the toll plaza. When the vehicle exceeds the line segment E, the vehicle passes the toll booth. When the vehicle exceeds the line segment C, the vehicle leaves the toll plaza.
In the simulation process, we can determine the location of the vehicle in the toll plaza through the vertical coordinates of each vehicle. By describing the four-tuple of vehicle states, we can get the number of vehicles passing through these three segments at each moment. And then the distribution function of the vehicle on these three line segments can be obtained. To analyze the number of vehicles per second through the three segments in a period of time, we can determine the toll plaza throughput. The number of cars passing through A per unit time represents the number of cars entering the toll plaza. The number of vehicles passing through E represents the number of cars that have been paid. The number of cars passing through C per unit time represents the number of vehicles leaving the toll plaza. Through the Matlab simulation process, we get the distribution function image(see figure12).
The figure is an image of the throughput of the portion between lines A and E. The abscissa represents time, and the ordinate represents the number of cars. The red line represents the vehicle distribution function on line A. The blue line represents the vehicle distribution function on line E. For example, the point (100,100) represents the number of cars passing through this line in the first 100 seconds. The black line is the difference between the distribution functions on the two lines, and the black line can be used to characterize the number of delayed vehicles. The ordinate at each point on As can be seen from the figure, the slope of the blue line is gradually smaller than the slope of the red line, at the same time, the value of the black line gradually increased. This means that the number of cars between segments A and E has been increasing. This shows that between A and E there are queuing vehicles, the situation will increase with time traffic jams. As same, we can analyze the throughput between E and C situation. That is to analyze the vehicle confluence stage. Through Matlab simulation we get the following figure(see figure14):
It can be seen that in this case the input and output maintain a rather balanced relationship. This image represents the type of toll plaza that we want.
Similarly, you can analyze A, C throughput between the situation, that is, to analyze the toll plaza to make the following throughout analysis.
As can be seen from the figure13, the vehicle input and output are not balanced. As time increases,there are more and more queuing vehicles in the toll plaza. Obviously, the design of the toll plaza is not good enough.
Cost Analysis
Here cost is divided into customer waiting cost, toll booth construction fees and toll square construction cost.
Due to the adverse effects caused by low efficiency of toll station service, such as fuel consumption and environmental pollution, which are called customer waiting cost, denoted by C d . The waiting cost of the customer is related to the delay time of the vehicle through the toll plaza. Assuming that the average speed of the current highway is v, the total length of the toll plaza is W. The length of the toll plaza includes the length of the fan-over area and the toll station area. Assuming there are no toll station, the normal passage of the road segment time is t 1 = w/v. When there is a toll station, the average time the vehicle go through the toll plaza is t 2 . So we can get the time delay t d = t 2 − t 1 . Time delay will not only affect the driver, so drivers spend more time waiting for the increase in costs. And it will consume more fuel that generate more energy costs. At the same time, air pollution will become more serious, thus increasing environmental costs. These can be counted in the customer waiting cost, that is, the longer the time delay, the higher the waiting cost is. Hence, we have
The increase in the number of toll booths will increase the toll station system construction costs and operating costs and operating costs, the cost to build toll booths is C t . Automated Toll Collection (ATC), Manual Toll Collection (MTC), and Electronic Toll Collection (ETC) are not all the same, so the cost of these three types of toll booths varies. The number of ATC is m ATC , the number of MTC is m MTC , the number of ETC is m ETC . At the same time, we note the costs of building a single toll booth are c ATC , c MTC and c ETC . Therefore, we get
The cost of the toll plaza (C s ) is mainly the square area (Z) × construction cost per unit area (c u )+ fixed cost (c g ). Square area is mainly the sum of confluence area Z 1 , diversion zone Z 2 and toll station Z t area. Namely,
We consider the toll station width, assuming there are B toll channels, the toll station width is(see figure 8 ):
where d l is the toll lane width (m), d t is the toll booth width (m), and e is the lateral shoulder width and the lateral lane width (m) of the toll plaza. Toll lane width of toll is 3.0-3.5m, toll booths take the width of 1.8-3.2m, lateral soil shoulder width and lateral lane width take 8.5-9m, toll booth length take more 18-24m [19] . Assume that the confluence highway has L lanes in one direction, each lane width is d l , and it is 3.75m. So the width of the highway is:
The length of the toll station is K. The length of the toll booth depends on the length of the toll booth and the length of the straight line before and after the toll booth. In order to facilitate the vehicle into the toll station after deceleration, parking and start, before and after the toll booth straight line length should be greater than 20m. So the length of the toll station should be greater than 34m. Therefore, we can get the toll station area:
Taking into account the fan-shaped transition section design, in order to let the vehicle successfully pass through the toll station, you need to set toll stations and standard high-speed section between the set transition section (fan-shaped gradient area). According to the Japanese highway design methods (1987), the provisions of the gradient rate X 1 /h should be less than 1/3 [20] (see figure 8) . The longer the length of the toll station transition area is, the smaller the gradient is, the more naturally the vehicle drive from the toll station into the standard high-speed road. We begin to calculate the sector buffer area. We can regard the upper boundary of the sector buffer as a piecewise function,
(21) Therefore we get the fan-shaped area,
Similarly, we can obtain Z 1 . From this we can obtain customer waiting cost, toll booth construction cost and toll plaza construction cost. How to consider these three aspects of the cost, making the sum of the three types of costs to a minimum, is what the toll station settings should be considered.
Results Analysis
Analog simulation is realized by means of MATLAB. The number of lanes is denoted by L, the number of tollbooths is denoted by B, and the vertical distance between the exit of toll plaza and tollbooths (see figure8) is denoted by h. These variables affect the shape and size of the cushion area. After simulation, the throughput, cost and safety factor are obtained. The results are shown in table1.
where X is the maximum traffic demand, F(B, L, h) is the maximum throughput under various B, L and h. When X is greater than F(B, L, h), the capacity pressure can be represented by the difference between them; when X is less than F(B, L, h), the capacity pressure is 0, which means there is no capacity pressure. Before comprehensive evaluation, the data set to be evaluated need to be processed into dimensionless data:
where x min is the minimum sample, x max is the maximum sample. The evaluation function is:
where X 1 is capacity pressure, X 2 is construction cost, X 3 is safety factor. The proportional coefficients of them are 0.4, 0.2 and 0.4. After processing by MATLAB, we obtain the optimal solutions under various B, L and h (see table2). We define safety factor as the number of vehicles per square meter. For security reasons, the proportional coefficient of safety factor is greater, which means the optimal solutions must ensure vehicle security. From table 2, we can tell that the number of tollbooths is a key factor in light traffic, which means optimal solutions have more tollbooths. Consequently, the optimal solution has 8 tollbooths. However, with the increasing traffic flow, congestion may occur at the exit of cushion area and more traffic accident may appear if the number of lanes does not change. Therefore, the number of lanes needs to be increased. As shown in table2, the number of lanes of optimal solution has changed from 2 to 4.
In the following, when the range of traffic flow is given, we choose the best model and change the proportion of human-staffed tollbooths(MTC), automated tollbooths(ATC), electronic toll collection booths(ETC).
We consider the situation when the maximum traffic flow ranges from 6900 C 7800. The optimal solution under this situation can be represented by (L, B, h) = (4, 8, 50) . We change the proportion of MTC, ATC and ETC and obtain results shown in table3). By analyzing the data in table3, we find that ETC and ATC has a shorter service time length than MTC, so throughput can be increased by adding the proportion of ETC/ATC properly. However, limited by the number of lanes, vehicles may form into congestion at the exit of cushion area when traffic flow increases, which cannot be fixed by adding the proportion of ETC/ATC. Such congestion not only restricts throughput but also leads to insecurity.
Sensitivity Analysis Based on Autonomous Vehicles
We need to test the sensitivity of our model. We let more autonomous vehicles get into our system. Note that autonomous vehicle is controlled by computer system and the system can consider all autonomous vehicles at the same time. Thus, we need to make some changes to our model, namely, the observation area need to change(the conventional observation area is based on driver,see figure7). Now, vehicles are under the control of computer and it can observe the whole area(see figure15 which is right side of blue dashed line). Hence, the observation area autonomous vehicle is the whole system. The observation area determine the direction of vehicle. Similarly, interaction between vehicles need to change. The conventional interaction between vehicles just consider the largest force that effect the vehicle(the detail analysis is in section5.2). Now, we need to consider all the force that effect the vehicle. The interaction between vehicles determine the accelerated velocity. Therefore, we apply these new to our model.
Conclusion
We build two-dimensional traffic model based on psychological field. According to the force analysis, we get the speed rule and heading rule of cars. We use Matlab to do numerical simulation. We get the optimal solution of different range of traffic flow, namely, the optimal value of throughput, cost and accident factor based on evaluation model. When the traffic flow belongs to 4000-4600, it is better to have 2 lines of a toll Further, we change the proportion of different kinds of tolls, we have, if we increase the proportion of ETC appropriately, we can let throughput goes higher. But it is still under the restrictions of highway lines.
